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Abstract
The reaction between allicin (diallylthiosulfinate), the active component of garlic and reduced glutathione was investigated.
The product of this reaction, mixed disulfide S-allylmercaptoglutathione (GSSA) was separated by high performance liquid
chromatography and identified by 1H and 13C nuclear magnetic resonance and mass spectroscopy. The reaction is fast (with
an apparent bimolecular reaction rate constant of 3.0 M31 s31). It is pH-dependent, which reveals a direct correlation to the
actual concentration of mercaptide ion (GS3). Both GSSA and S-allylmercaptocysteine (prepared from allicin and cysteine)
reacted with SH-containing enzymes, papain and alcohol dehydrogenase from Thermoanaerobium brockii yielding the
corresponding S-allylmercapto proteins, and caused inactivation of the enzymes. The activity was restored with dithiothreitol
or 2-mercaptoethanol. In addition, GSSA also exhibited high antioxidant properties. It showed significant inhibition of the
reaction between OH radicals and the spin trap 5,5P-dimethyl-1-pyroline N-oxide in the Fenton system as well as in the UV
photolysis of H2O2. In ex vivo experiments done with fetal brain slices under iron-induced oxidative stress, GSSA
significantly lowered the production levels of lipid peroxides. The similar activity of GSSA and allicin as SH-modifiers and
antioxidants suggests that the thioallyl moiety has a key role in the biological activity of allicin and its derivatives. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction
Allicin (diallylthiosul¢nate) formed in nature upon
crushing of garlic cloves, is responsible for the typical
pungent smell as well as for the various biological
activities including prominent antibiotic e¡ects and
inhibition of cancer promotion [1]. Allicin also re-
duces serum cholesterol and triglyceride levels as
well as atherosclerotic plaque formation, prevents
platelet aggregation and decreases blood pressure
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Abbreviations: BAPNA, N-K-benzoyl-DL-arginine p-nitro ani-
lide; CSSA, S-allylmercaptocysteine; DEPT, distortionless en-
hancement by polarization transfer; DTT, dithiothreitol ; ESR,
electron spin resonance; DMPO, 5,5P-dimethyl-1-pyroline N-ox-
ide; GSH, reduced glutathione; GSSA, S-allylmercaptogluta-
thione; LPO, lipid peroxide production; TBA, thiobarbituric
acid; TBAD, alcohol dehydrogenase from Thermoanaerobium
brockii ; TBARS, thiobarbituric acid reactive substance
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[1^5]. The intracellular e¡ects induced by allicin are
not well understood. There are experimental data
indicating its e¡ects on DNA processing, RNA syn-
thesis [6], signal transduction and apoptosis [1,7].
Recently evidence that certain e¡ects of allicin might
be mediated through NO formation [8] has been
found. Being a chemically reactive compound and
hence rather unstable, allicin rapidly transforms
into a number of derivatives found in aged garlic
and various crushed garlic preparations. Allicin rap-
idly disappears from the circulation after intravenous
injection suggesting that it is transformed into sec-
ondary products [1,9,10]. At present a variety of bio-
logical e¡ects of allicin are attributed both to its SH-
modifying and its antioxidant activity [11^14], as has
recently been demonstrated by us in model systems
[15,16]. We have also shown that allicin can easily
permeate cell membranes and carry out its activity
intracellularly [17]. Thus, the observation of the fast
disappearance of allicin from the blood on the one
hand and its high e⁄cacy on the other hand raised
the question, which by-product of allicin is the active
species that modulates extra- and intracellularly pro-
cesses. The most abundant non-protein thiol in mam-
malian systems which has the potential to interact
with allicin is reduced glutathione (GSH). The con-
centration of GSH in the blood (2^5 mM) is about
100-fold higher than that of cysteine [18]. Further-
more, GSH is the main intracellular thiol and its
concentration is organ-dependent, varying between
2 and 10 mM [19]. These features point at GSH
and to a lesser extent at cysteine, as the main candi-
dates for the instantaneous interaction with allicin in
living cells.
S-Allylmercaptocysteine (CSSA) has already been
described as the product of the reaction of cysteine
with allicin [20]. It is one of the active ingredients of
aged garlic extract. Recently, the antiproliferative ac-
tivity of CSSA on di¡erent cell lines has been dem-
onstrated, whereas S-allylcysteine has no such e¡ect
[21^24]. CSSA has also revealed antioxidant activity,
and decreasing occular pressure activities [25,26]. An
explanation for these activities on a chemical basis
has not yet been provided. In the present work we
have studied the formation of S-allylmercaptogluta-
thione (GSSA), upon interaction of allicin with
GSH. The potential of GSSA to serve as vehicles
for the prolonged action of allicin has been demon-
strated by its SH-modifying properties and antioxi-
dant activity.
2. Materials and methods
GSH, L-cysteine, dithiothreitol (DTT), N-K-benzo-
yl-DL-arginine p-nitro anilide (BAPNA), 5,5P-dimeth-
yl-1-pyroline N-oxide (DMPO), FeSO4W7H2O and
K-tocopherol (vitamin E) were obtained from Sigma
(St. Louis, MO, USA). Papain (EC 3.4.22.2) was
obtained from Boehringer Mannheim (Germany).
Alcohol dehydrogenase from Thermoanaerobium
brockii (TBAD) (EC 1.1.1.2) was the kind gift of
Dr. M. Peretz and Dr. Y. Burstein from the Organic
Chemistry Department, Weizmann Institute of Sci-
ence, Rehovot, Israel.
Alliin was synthesized as already described in [15].
Allicin was produced by applying synthetic alliin
onto immobilized alliinase [27]. CSSA was synthe-
sized from cysteine and allicin and isolated as already
described [15]
GSSA was synthesized from GSH and allicin and
was isolated as described by Miron et al. [17].
2.1. Separation of CSSA, GSSA and allicin by high
performance liquid chromatography (HPLC)
A known pattern of separation enabled quantita-
tive determinations of alliin, CSSA, GSSA and alli-
cin, using an LKB HPLC system with the SP 4290
integrator (Spectraphysics). The separation was
achieved on a LiChrosorb RP-18 (7 Wm) column us-
ing 60% methanol in water containing 0.1% formic
acid or 0.05% tri£uoroacetic acid as an eluant. The
£ow rate was 0.54 ml/min.
2.2. Assay of papain activity
Papain activation was carried out by diluting
(1:10) a papain suspension with 50 mM Na-acetate,
2 mM EDTA, pH 6.1 (Na-acetate/EDTA bu¡er) in
the presence of 2.5 mM DTT for 30 min at room
temperature. Excess DTT was removed by gel ¢ltra-
tion on Sephadex G-25 pre-equilibrated with Na-ace-
tate/EDTA bu¡er. The activity of papain was deter-
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mined by measuring the rate of increase of absor-
bance at 382 nm as a result of hydrolysis of BAPNA
at pH 6.1 and at room temperature [28].
2.3. Assay of TBAD activity
TBAD activity was assayed by following the for-
mation rate of NADPH from NADP at 340 nm
(E340 = 6.225 mM31 cm31) at room temperature [29].
2.4. Inhibitory analysis
Kinetic analysis of inactivation of the SH-contain-
ing enzymes were calculated according to Kitz and
Wilson [30].
2.5. Determination of rate constants
The rate constant for the reaction of allicin (0.7^
1.3 mM) with GSH (1 mM) was obtained in 10 mM
phosphate/citrate bu¡er, pH 5.0. The initial rate of
GSSA appearance was monitored by HPLC. Sam-
ples were diluted at various time intervals, with
HPLC running bu¡er and analyzed by HPLC. The
following equation was used to calculate the rate
constant:
dGSSA=dt  K AllicinUGSH 1
where d[GSSA]/dt is the initial rate of GSSA appear-
ance; K is the bimolecular rate constant; [Allicin]
and [GSH] are the initial concentrations of allicin
and GSH.
2.6. Electron spin resonance (ESR) experiments
Measurements were performed in a £at cell of the
Bruker ER-200 D-SRC spectrometer. The experi-
mental conditions included the following: ¢eld,
3500 G; sweep width, 100 G; receiver gain,
2U105 ; microwave power, 20 mW; modulation am-
plitude, 0.8 G. DMPO was puri¢ed as described in
[31]. In experiments of hydroxyl radical generation,
the sample contained H2O2 (1 mM), Fe2(EDTA)2
(0.8 mM), DMPO (100 mM), in 20 mM sodium
phosphate bu¡er pH 7.4 and NaCl (0.2 M), in a ¢nal
volume of 0.2 ml. Hydroxyl radical formation was
measured from the ESR spectrum of the spin adduct
DMPO-bOH radical formed in the Fenton system.
For the generation of OH radicals in an iron-free
system we used ultraviolet photolysis of H2O2 :
H2O2 1% and DMPO 10 mM [32].
2.7. Nuclear magnetic resonance (NMR) spectroscopy
NMR spectra were collected on a Bruker AMX-
400 spectrometer. Analysis of allicin and CSSA
structure was described in our previous work [15].
The product obtained in the reaction between allicin
and glutathione was isolated and dissolved in deuter-
ated water at a concentration of 10 mM. The pH was
adjusted to 6.5 using deuterated hydrogen, KOD.
One-dimensional 1H (with water signal suppression)
and 13C spectra were collected at 25‡C. Resonance
multiplicities for 13C were established by acquiring
distortionless enhancement by polarization transfer
(DEPT) spectra. For the DEPT sequence, the
width of a 13C 90‡ pulse was 7 ms, that of a 1H
90‡ pulse was 12.8 ms, and the (2J)31 delay was set
to 3.45 ms.
The two-dimensional COSY45 1H^1H shift-corre-
lated spectra was recorded using a data size of 512
(t1)U 2048 (t2) with a spectral width of 1400 Hz.
The 1H-detected heteronuclear multiple-quantum co-
herence via direct coupling spectra were recorded
using a pulse sequence (invbtp in the Bruker soft-
ware) which included the bilinear rotational decou-
pling pulse to invert the magnetization of protons
not coupled to 13C. The spectra were collected with
2048 (t2)U 256 (t1) data points. Spectral widths of
1400 and 11 000 Hz were used in the F2 (1H) and F1
(13C) domains, respectively. Data sets were multi-
plied in both dimensions by a 90‡-shifted sine bell
or Gaussian transformation function and generally
zero-¢lled to 512 in t1 dimension prior to Fourier
transformation. The delay D1 was set to 3.4 ms while
D2 was empirically optimized at 600 ms.
2.8. Mass spectroscopy
Mass spectra analysis was done on a Micromass
LCZ 4000 (UK) mass spectrometer; core voltage, 43
V; desolvation temperature, 150‡; £ow, 5 Wl/min.
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2.9. Assay of antioxidant e¡ect on lipid peroxide
production (LPO)
Fetal rat brain slices were prepared as described in
[33].
LPO concentration in fetal rat brain slices was
determined by the thiobarbituric acid (TBA) method
as described in [33].
Slices were preincubated with the tested com-
pounds during 30 min at 37‡C. Afterwards, freshly
prepared FeSO4W7H2O was added to induce lipid per-
oxidation and slices were incubated for another 15
min at 37‡C with gentle shaking under permanent
oxygen aeration. At the end of the incubation period,
medium was separated from the tissue by centrifuga-
tion at 3500Ug for 5 min and 0.5 ml of medium was
taken for TBA reactive substance (TBARS) content
determination.
3. Results
3.1. Synthesis of GSSA
GSH, like others thiols [15,16,34], reacts rapidly
with allicin according to Scheme 1.
The reaction between GSH and allicin was fol-
lowed by HPLC and the structure of the product
was con¢rmed by 1H and 13C NMR (Table 1). The
structure of GSSA was also proved by mass spectros-
copy (Table 2). The HPLC elution pattern of the
reaction product, GSSA (retention time 5.3 min), is
located between that of allicin (8.1 min) and GSH
(4.6 min) (Table 3).
3.2. Kinetic study of GSSA production
The appearance of the product on HPLC during
Scheme 1.
Fig. 1. The kinetics of GSSA formation in the allicin/GSH re-
action at pH 6.0 (a) and 7.0 (b). Starting concentrations were:
GSH, 0.25 mM; allicin, 1.07 mM. Aliquots were diluted with
0.1% formic acid in 60% methanol at di¡erent time intervals
and assayed by HPLC.
Table 1
1H and 13C NMR of GSSA in D2O at 298 K
No. 1H (ppm) 13C (ppm)
1 3.74 (t; 6.6) 55, 121
2 ^ 171.19^172.99
3 2.14 (q; 7.58) 27.244
4 2.52 (q; 3.91) 32.495
5 ^ 171.19^172.79
6 4.72 (dd; 5.4; 4.4) 53.844
7 5.88 (m) 39.822
8 ^ 171.19^172.99
9 3.76 (d; 4.9) 44.372
10 ^ 171.19^172.99
11 3.36 (dd; 7.34; 0.5) 41.924
12 5.88 (m) 134.502
13 5.2 (m) 119.904
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the reaction enabled us to follow the kinetics of the
interaction between allicin and GSH. The observed
rate of appearance of the reaction product clearly
indicates a strong dependence on pH (Figs. 1 and
2). The pH dependence of the reaction rate indicates
that GSH is involved in the reaction with allicin in
the form of mercaptide ion (GS3). The bimolecular
kinetic constant of the reaction, at pH 5 was deter-
mined (Fig. 3, Table 4). At this pH the relatively low
rate of reaction permitted us to measure the kinetic
parameters (the change in concentration over a peri-
od of time) with high accuracy.
3.3. SH-modifying activity of CSSA and GSSA
The SH-modifying activity of GSSA and CSSA
was determined in the same enzymatic systems as
was earlier described for allicin [15]. Papain, the
SH-protease, in which the thiol group (Cys25) is lo-
cated in the active site [35] and alcohol dehydroge-
nase, TBAD from thermophilic bacteria, in which
the SH-group (Cys203) is located very close to the
NADP-binding site [36], were used. According to
X-ray data, Cys25 of papain is located in the groove
between the two lobes of the protein and therefore it
is available for chemical modi¢cation. Modi¢cation
of that group dramatically inhibits enzymatic activity
[15,37]. We observed that incubation of activated
papain with either GSSA (Fig. 4) or CSSA (data
not shown) as well as with allicin [15] led to rapid
Table 2
Molecular mass of GSSA, their ions and salts
Sample Molecular mass
MW/e 379
MH 380
MNa 402
[M-H+Na]Na 424
[M-2H+2Na]Na 446
Table 3
HPLC analysis of the reaction mixture of GSH and CSSA with
allicin
Compound Retention time (min)
GSH 4.6
CSSA 5.1
GSSA 5.3
Allicin 8.1
The retention time (min) for each compound is presented. The
conditions for the separation are described in Section 2.
Fig. 2. GSSA formation rate in the allicin/GSH mixture as
function of pH. Allicin (1 mM) was incubated with GSH (0.25
mM) in citrate-phosphate (10 mM) bu¡er at various pH values.
The initial rate for each condition was followed at room tem-
perature. Each column represents the mean ( þ S.D) of three de-
terminations done at the same pH.
Fig. 3. GSSA formation rate in the allicin/GSH mixture as
function of allicin concentration. GSH (1 mM) was incubated
with allicin 0.7 mM (circle), 1.0 mM (dark square with dot),
1.3 mM (white square with dot), in 10 mM citrate phosphate
bu¡er pH 5.0, at room temperature. The amount of GSSA pro-
duced was followed by HPLC analysis at di¡erent time inter-
vals after dilution with HPLC acidic running bu¡er.
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loss of enzymatic activity. Similar results were ob-
tained after treatment of TBAD with GSSA. The
rates of enzyme inactivation depend on the initial
disul¢de concentration (Fig. 4). The loss of activity
was time-dependent and treatment of the inhibited
enzyme with DTT or 2-mercaptoethanol restored
the enzymatic activity (Fig. 5). In order to study
the mode of the reaction, the modi¢ed papain and
TBAD underwent gel-¢ltration, to remove excess
GSSA, and were afterwards treated with 2-mercap-
toethanol. Recovery of the enzyme activity appeared
concomitantly with the release of allyl mercaptan
(detected by HPLC, data not shown). These experi-
ments demonstrate that CSSA and GSSA, the natu-
ral products of the reaction of allicin with cysteine
and glutathione are themselves SH-modifying re-
agents. The kinetics of the enzyme irreversible inhi-
bition by GSSA and CSSA were evaluated according
to Kitz and Wilson [30]. The kinetic constants of the
SH group modi¢cations of papain and TBAD are
presented in Tables 5 and 6, respectively. As can be
seen, allicin was the most e¡ective inhibitor of pa-
pain (Table 5), whereas in the case of TBAD, no
di¡erence between the three compounds was ob-
served (Table 6).
3.4. An in vitro study of antioxidant activity of GSSA
The antioxidant properties of GSSA and allicin
were determined. The Fenton system was used as a
source of hydroxyl radicals [38]:
H2O2  Fe2 ! OH3OH Fe3
Table 4
The kinetic constants and the reaction rates of the reaction
GSH/allicin at pH 5.0 and room temperature
[Allicin]U1033 M [v]U1036 M s31 [K] M31 s31
0.7 2.00 2.87
1.0 2.92 2.92
1.3 3.50 2.69
Fig. 4. Papain inhibition by GSSA: the enzyme activity was re-
corded as described in Section 2. DTT-activated and gel-¢ltered
papain (Papain-SH) was inactivated by GSSA at various con-
centrations: 2 mM (F), 4 mM (a) and 9 mM (U), in 50 mM
Na-acetate bu¡er pH 6.2 containing 2 mM EDTA. The residual
activity of the inhibited enzyme was assayed at pH 6.5 (see Sec-
tion 2) and expressed as % of activity of non-inhibited papain.
Fig. 5. TBAD inhibition by GSSA and reversal of activity by
DTT. TBAD was inactivated by GSSA (2.9 mM) in 100 mM
Tris pH 7.5. The residual activity of the inhibited enzyme was
assayed during 90 min at pH 7.5 (see Section 2). After 1 h in-
cubation, DTT (1 mM) was added to the inhibition mixture.
Activity is expressed as % of activity of non-inhibited enzyme.
Table 5
Analysis of the irreversible inhibition of papain by allylmercap-
to derivates
Inhibitor k3 (min31) KI (M)
Allicin 1.03 þ 0.15 8.59U1035 þ 1.29U1035
CSSA 0.69 þ 0.14 4.13U1033 þ 0.83U1033
GSSA 1.38 þ 0.22 7.58U1033 þ 1.25U1033
The results represent the mean value of three independent ex-
periments þ S.D.
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The rates of appearance and amount of hydroxyl
radicals were determined with the spin trap DMPO.
The spin trap interacts with OH radicals at a high
rate, the bimolecular rate constant of which is 2U109
M31 s31 [39]. We observed a spin adduct with a
characteristic ESR spectrum: a quartet with an in-
tensity ratio of 1:2:2:1 and hyper¢ne splitting con-
stants aN = a
L
H = 14.9 G (Fig. 6A,B). This is a typical
spectrum for a spin adduct of DMPO with bOH rad-
ical [40] The addition of GSSA or allicin to the sam-
ples induced a signi¢cant decrease in the formation
of DMPO-bOH spin adduct (Fig. 6C). This observa-
tion indicates considerable antioxidant activity of
these compounds. In order to eliminate the possible
in£uence of complexing of Fe2 with allicin and
GSSA in the Fenton system we used an additional
method to generate hydroxyl radicals, which is de-
void of metal ions, the ultraviolet photolysis of H2O2
[32]. At selected concentrations of H2O2 and DMPO
we observed a time-dependent accumulation of
DMPO-bOH spin adduct (Fig. 7). Allicin and
GSSA inhibited the appearance of the spin adduct
under this condition as well. Our data suggest that
the antioxidant activity of allicin is sustained even
after its fast disappearance due to the formation of
its mixed disul¢de derivatives in biological systems.
Table 6
Analysis of the irreversible inhibition of TBAD by allylmercap-
to derivates
Inhibitor k3 (min31) KI (M)
Allicin 0.405 þ 0.15 1.30U1033 þ 0.30U1033
CSSA 0.295 þ 0.08 0.83U1033 þ 0.22U1033
GSSA 0.09 þ 0.04 0.91U1033 þ 0.15U1033
The results represent the mean value of three independent ex-
periments þ S.D.
Fig. 6. E¡ect of allicin and GSSA on the concentration of spin adduct of the OH radical with DMPO. (A) ESR spectrum of the
DMPO-bOH spin adduct formed in the Fenton system. (B) ESR spectrum as the above in the presence of 0.8 mM allicin. (C) Depen-
dence of the maximum amplitude (Amax) of the ESR signal of DMPO-bOH spin adduct on the concentration of allicin (R) and
GSSA (b).
Fig. 7. E¡ect of allicin and GSSA on the concentration of the
spin adduct of OH radical with DMPO under UV photolysis of
H2O2. Allicin 0.7 mM (R) ; GSSA 3 mM (b), control (E).
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3.5. The e¡ect of GSSA on LPO production by fetal
rat brain slices ex vivo
Antioxidant activity of GSSA was investigated in
tissues by determining the lipid peroxide concentra-
tion, in fetal brain slices under iron-induced oxida-
tive stress [33]. The e¡ect of GSSA was compared
with the antioxidant activities of alliin, allicin,
GSH, GSSG, 2-deoxyribose and the well-known lip-
id soluble antioxidant vitamin E. As shown in Fig. 8,
among all tested compounds, the most prominent
inhibition of TBARS production (about 60%) was
observed after allicin or vitamin E treatment.
GSSA treatment also induced a signi¢cant decrease
of LPO production (P6 0.05). Thus, the antioxidant
activity of GSSA was similar to the e¡ects of GSH.
No signi¢cant antioxidant activity was observed after
incubation of brain slices with alliin, nor did 2-de-
oxyribose treatment reveal any antioxidant e¡ect.
GSSG shows very modest antioxidant activity (Fig.
8). The antioxidant activities of allicin, vitamin E
and GSSA were dose-dependent (Fig. 9).
4. Discussion
The in vivo biological activities attributed to allicin
may be due to its rapid interaction with SH-contain-
ing molecules, which play a critical role in cell func-
tions, as well as it’s high antioxidant activity [14^16].
The interaction of allicin with thiol groups as well as
the ease of membrane penetration [17], may explain
the speedy disappearance of allicin from the blood,
but confronts a di⁄culty in explaining the long term
e¡ect of allicin. We therefore propose that the prod-
uct of the reaction of allicin with thiols, particularly
with GSH, which is the major intracellular thiol [41],
may serve as a secondary mediator accounting for its
prolonged biological e¡ects. In the present study we
demonstrated that the reaction of allicin with GSH is
fast and pH-dependent, with an apparent bimolecu-
lar reaction rate constant of K = 3.0 M31 s31 (Table
4). The increase of the reaction rate with elevated pH
values indicates dependence on the concentration of
GS3. The product of the reaction between GSH and
allicin (GSSA) was isolated, its structure was estab-
lished and its interaction with thiol-containing pro-
teins was examined. Since free cysteine is also present
in the cells and the blood, we were equally interested
in the fate of its reaction product with allicin, CSSA.
Both compounds GSSA and CSSA react with the
thiol-containing proteins, papain and TBAD, and
inhibit their activity in a similar manner to allicin
albeit with a slower reaction rate. The inhibited pro-
teins could be reactivated with either reducing agent
DTT or 2-mercaptoethanol, concomitantly releasing
allylmercaptan, which indicates that the thioallyl
moiety binds to the inactivated proteins as allicin
does. The overall reaction can be described as fol-
lows:
Fig. 8. LPO production (%) in fetal brain slices during 30 min
preincubation in the presence of 0.1 mM of the various re-
agents followed by 15 min incubation with iron (as described in
Section 2).
Fig. 9. Antioxidant e¡ect of allicin, GSSA and vitamin E on
LPO production in fetal rat brain as a function of reagent con-
centration. Dark square with dot, alliin; bullet, allicin; plus
sign, GSSA; diamond, vitamin E.
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Pÿ SHGSSA! Pÿ Sÿ SÿAGSH
Pÿ Sÿ SÿARÿ SH! Pÿ SHRÿ Sÿ SÿA
Rÿ Sÿ SÿAÿ
Rÿ SH! Aÿ SHRÿ Sÿ SÿR
where GSH is reduced glutathione; GSSA is S-allyl-
mercaptoglutathione; P is protein; R is 2-mercapto-
ethanol and A is ^CH2^CHNCH2
Allicin is known for its antioxidant activity. There-
fore, we investigated whether GSSA can also exhibit
antioxidant activity. Using the Fenton system and
UV photolysis of H2O2, GSSA and allicin were
shown to prevent the formation of the spin adduct
of DMPO with bOH radicals in vitro, although
GSSA was less e¡ective (Figs. 6 and 7). GSSA was
also capable of inhibiting the generation of peroxides
in fetal brain slices, using the Fe2-induced TBARS
assay. This approach [33] is usually used as an indi-
cation of oxidative stress in the brain both under
normal, and ischemia-induced stress conditions.
Under these conditions we were able to show that
GSSA is less active than allicin as an antioxidant but
it has similar activity to GSH. GSSG shows very
modest antioxidant activity.
Recently we have shown [17] that allicin can per-
meate freely through phospholipid membranes in
liposomes and human red blood cells (RBC). Direct
measurements of thiol levels in RBC treated with
allicin result in a decrease of thiol amounts in a con-
centration-dependent manner. At the same time ap-
pearance of GSSA is detected [17]. These results sug-
gest that GSH could be the ¢rst target for allicin
activity in vivo.
In summary, the results of this study support the
assumption that the biological e¡ects of allicin can
be obtained both immediately and directly through
its binding to thiol groups present in the body, as
well as by serving as a means of radical drainage.
Allicin can also exert its e¡ect indirectly through sec-
ondary small molecular weight mediators which react
with allicin and are not only long lived but also pos-
sess high antioxidant and SH-modifying activities.
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